Dynamic regulation of the localization and function of NMDA receptors (NMDARs) is critical for synaptic development and function. The composition and localization of NMDAR subunits at synapses are tightly regulated and can influence the ability of individual synapses to undergo long-lasting changes in response to stimuli. Here, we examine mechanisms by which EphB2, a receptor tyrosine kinase that binds and phosphorylates NMDARs, controls NMDAR subunit localization and function at synapses. We find that, in mature neurons, EphB2 expression levels regulate the amount of NMDARs at synapses, and EphB activation decreases Ca 2ϩ -dependent desensitization of NR2B-containing NMDARs. EphBs are required for enhanced localization of NR2B-containing NMDARs at synapses of mature neurons; triple EphB knock-out mice lacking EphB1-3 exhibit homeostatic upregulation of NMDAR surface expression and loss of proper targeting to synaptic sites. These findings demonstrate that, in the mature nervous system, EphBs are key regulators of the synaptic localization of NMDARs.
Introduction
The NMDA receptor (NMDAR) is essential for neuronal development and function, synaptic plasticity, and adaptive responses to sensory experience (Cull-Candy and Leszkiewicz, 2004; Pérez-Otaño and Ehlers, 2005; Lau and Zukin, 2007) . These functions require glutamate-dependent calcium influx into neurons through the NMDAR. The NMDAR is a heteromeric protein complex of two obligate NR1 subunits and typically two NR2 subunits, which each convey distinct functional properties to the receptor (Cull-Candy and Leszkiewicz, 2004) . NR2A is the principal subunit at mature cortical and hippocampal synapses. Although NR2B subunits are more prevalent at these synapses during development, they are still expressed in the mature brain (Monyer et al., 1994; Sheng et al., 1994; Tovar and Westbrook, 1999) . NR2B-containing NMDARs have a slower inactivation rate and longer decay times compared with NR2A subunits (Cull-Candy and Leszkiewicz, 2004) . Thus, synapses with higher proportions of NR2B can integrate synaptic currents across broader time intervals than those with more NR2A. In addition, NR2B-containing NMDA receptors carry more Ca 2ϩ current per unit charge (Sobczyk et al., 2005) , are preferentially tethered to the plasticity protein CaMKII (calcium/calmodulin-dependent protein kinase II) (Barria and Malinow, 2005) , and exhibit a lower threshold to undergo potentiation of synaptic responses (Philpot et al., 2007; Philpot and Zukin, 2010) . Thus, understanding the molecular mechanisms that direct trafficking of NR2B subunits to and from synapses will provide insights into synaptic plasticity.
NMDARs are recruited to and retained at synapses through well studied mechanisms (Pérez-Otaño and Ehlers, 2005; Lau and Zukin, 2007) , including postsynaptic density-95/Discs large/ zona occludens-1 (PDZ) binding domain interactions and phosphorylation of the receptor itself (Kim and Sheng, 2004; Prybylowski et al., 2005; Chen and Roche, 2007) . Activation of EphB leads to a Src kinase-dependent phosphorylation of the NR2B subunit at three tyrosine residues (Takasu et al., 2002; Antion et al., 2010) . One of these residues, Y1472, is important for regulating NMDAR surface and synaptic localization (Salter and Kalia, 2004) , suggesting that EphBs might play a role in the synaptic targeting/retention of NMDARs.
The EphB family of receptor tyrosine kinases is enriched at excitatory synapses and is important during synapse and spine formation and maintenance (Aoto and Chen, 2007; Tolias et al., 2007; Klein, 2009; Shi et al., 2009 ). Triple knock-out mice lacking EphB1-3 have fewer excitatory synapses (Henkemeyer et al., 2003; Kayser et al., 2006) , whereas animals lacking only EphB2 have reduced NMDAR content at synapses (Henderson et al., 2001) . In addition to modulating NMDAR-mediated calcium influx, activation of EphBs leads to a direct association between EphB and the NMDAR NR1 subunit (Dalva et al., 2000) ; EphBs also associate with and regulate trafficking of AMPA receptors (AMPARs) (Irie et al., 2005; Kayser et al., 2006) . We examined whether EphBs impact synaptic NMDAR function and contribute to subunit-specific synaptic localization of NMDARs. We find that expression levels of EphB2 control the amount of NMDAR at synapses, and that EphB2 kinase activity regulates the calcium inactivation rate of NR2B-containing NMDARs. EphB2 activation also preferentially targets and stabilizes NR2B-containing NMDARs at synapses. These results suggest that EphBs may be important regulators of NMDAR targeting, subunit composition, and function at mature synapses.
Materials and Methods
Cell culture and transfection. Dissociated cortical neurons were prepared from embryonic day 17 (E17) to E18 rats of either sex and cultured as described previously (Kayser et al., 2006) . Briefly, neurons were cultured in Neurobasal (Invitrogen), B27 supplement (Invitrogen), glutamine (SigmaAldrich), and penicillin-streptomycin (Sigma-Aldrich) on poly-D-lysine (BD Biosciences or Sigma-Aldrich) and laminin (BD Biosciences)-coated glass coverslips (12 mm; Bellco Glass) in 24-well plates (Corning Life Sciences). Cells were plated at 150,000 per well and maintained in a humidified incubator with 5% CO 2 at 37°C. Neurons were transfected with Lipofectamine 2000 (Invitrogen) at 14 d in vitro (DIV) using methods described previously (Kayser et al., 2008) .
HEK-293 cell culture and transfection. HEK-293 cells were maintained as described (Lin et al., 2004) . For transfection, HEK-293 cells were plated at a density of 1 ϫ 10 6 cells per milliliter on 12 mm glass coverslips coated with poly-D-lysine (10 g/ml) in 24-well culture plates and transfected with NR1, NR2A, or NR2B and green fluorescent protein (GFP) or EphB2-YFP plasmid (1 g of plasmid cDNA per 12 mm coverslip in 1:1:1 ratio) using the calcium phosphate method according to the manufacturer's protocol (Invitrogen). For the EphB2-KD experiment, we transfected YFP-NR1, NR2B, and EphB2-KD into HEK-293 cells in 1:1:1 ratio.
Immunocytochemistry. Cultures were fixed in 4% paraformaldehyde/2% sucrose for 8 min at room temperature. Cells were washed three times in PBS and blocked and permeabilized in 1% ovalbumin (SigmaAldrich)/0.2% coldwater fish scale gelatin (Sigma-Aldrich)/0.1% saponin (Sigma-Aldrich) for 1 h at room temperature. Antibody incubations were conducted overnight at 4°C for primary antibody and 1 h at room temperature in secondary antibody diluted in blocking reagents. Antibodies used were as follows: chicken anti-GFP (Millipore; 1:2500), guinea pig anti-VGlut1 (Millipore Bioscience Research Reagents; 1:5000), and mouse anti-NR1 (Millipore Bioscience Research Reagents; 1:1000). Cy2, Cy3, and Cy5 secondary antibodies were obtained from Jackson ImmunoResearch and used at 1:250.
cDNA and short hairpin RNA constructs. EphB2 short hairpin RNA (shRNA) was described previously (Kayser et al., 2006) . The EphB2 rescue construct was generated and described previously (Kayser et al., 2006 (Kayser et al., , 2008 . Full-length FLAG-tagged EphB2 and FLAG-tagged kinase inactive EphB2 were described previously (Dalva et al., 2000) .
Imaging and analysis. Images of primary neuronal cultures were acquired by confocal scanning microscopy (Leica) using methods described previously (Kayser et al., 2006 (Kayser et al., , 2008 . Briefly, all images were acquired using a 63ϫ, numerical aperture 1.4, oil-immersion objective with z-steps of 0.5 m and subsequently analyzed with custom-designed NIH ImageJ macros blind to experimental condition. Images were collected from at least three independent experiments. For puncta analysis, images were converted from maximum projections to binary scale, and puncta were identified as continuous groups of pixels corresponding to 0.5-7.5 m 2 . Colocalization between puncta was defined as Ͼ1 pixel overlap between channels. To determine amount of NR1 at the synapse, images were collected for each condition with the same gain values. Intensity of NR1 staining at the synapse was then calculated for each condition. Amounts for each condition were normalized to the maximum intensity observed from all three conditions. Electrophysiology. Whole-cell recordings were made from 21-23 DIV rat cortical neurons. Coverslips were moved into a recording chamber and bathed in a HEPES-buffered artificial CSF (ACSF) solution (in mM: 140 NaCl, 5 KCl, 2 CaCl 2 , 20 glucose, and 10 HEPES, pH 7.2). GFPpositive pyramidal neurons were chosen for recording. The internal solution contained the following (in mM): 125 CsGlu, 5 EGTA, 2 MgCl 2 , 1 CsCl 2 , 2 K 2 -ATP, 10 HEPES, and 0.42 Na-GTP, pH 7.2. Pipettes were pulled to a 6 -9 M⍀ resistance, and recordings were made for 2-5 min at Ϫ65 mV before bath application of APV. After application of APV, the cell was again recorded for 2-5 min. For experiments conducted at ϩ50 mV, similar recording conditions were used except that coverslips were moved into a recording chamber and bathed in a HEPES-buffered ACSF solution (in mM: 140 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 20 glucose, and 10 HEPES, pH 7.2). Tetrodotoxin (TTX) and picrotoxin were used at 1 and 10 M, respectively (Sigma-Aldrich). Bicuculline was used at 50 -100 M, APV was used at 10 M, and (␣R,␤S)-␣-(4-hydroxyphenyl)-␤-methyl-4-(phenylmethyl)-1-piperidinepropanol maleate (Ro25-6981) was used at 1-2 M (Tocris Bioscience). All data were collected at 5 kHz and filtered at 1 kHz; events were detected in Clampfit 9.2 (Molecular Devices). Event analysis and statistics were performed using Matlab (The MathWorks) and Clampfit software (Molecular Devices). Decay time was calculated as the time from peak amplitude of the current to 30% of the peak amplitude.
Whole-cell recording from HEK-293 cells. Electrophysiological recordings were performed 1-2 d after transfection. Once whole-cell-recording configuration was obtained, NMDA plus glycine was applied several times for 5 s periods separated by ϳ25 s recovery intervals. Rapid agonist application was achieved by placing cells in a laminar solution stream that was delivered from a multibarrel array fed by gravity. Currents activated by NMDA (300 M) in the presence of glycine (10 M) were recorded in the whole-cell mode at a holding potential of Ϫ60 mV, filtered at 2 Hz, and digitized on-line at 1 kHz. Importantly, we did not observe an increase in desensitization during the few minutes of recording. Electrodes with open-tip resistances of 2-5 M⍀ were used. Data were acquired and analyzed using pClamp 9 software and AxoPatch-1D amplifier (Molecular Devices). The internal pipette solution was composed of the following (in mM): 145 KCl, 4 Mg-ATP, 10 HEPES, and 5.5 EGTA, adjusted to pH 7.25 with KOH. External solution contained the following (in mM): 145 NaCl, 5.4 KCl, 2 CaCl 2 , 11 glucose, and 10 HEPES, adjusted to pH 7.3 with NaOH.
Cultured neuron biotinylation. After treatment with clustered ephrin-B2-Fc or Fc control, cortical neuron cultures were placed on ice and rinsed twice with ice-cold rinsing solution (PBS, pH 7.5, containing 0.1 mM CaCl 2 and 1 mM MgCl 2 ). Clustering of ephrin-B2-Fc and human-Fc control proteins (R&D Systems) was achieved by incubation with antihuman IgG (Jackson ImmunoResearch) using methods described previously (Dalva et al., 2000) . Cells were incubated in rinsing solution containing 1 mg/ml Sulfo-NHS-SS-Biotin (Pierce Protein Research Products; Thermo Fisher Scientific) with gentle agitation at 4°C for 30 min. Cells were then washed in quenching solution (rinsing solution with 100 mM glycine) and incubated in this solution with gentle agitation at 4°C for 30 min to quench unbound biotin. Cells were washed in rinsing solution, and then agitated at 4°C for 60 min using radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors for cell lysis. Cell lysates were harvested and centrifuged at 13,000 rpm for 20 min at 4°C. Aliquots were taken for total lysate fraction, for Bradford protein assay analysis (Bio-Rad), and for incubation with monomeric avidin agarose (Pierce Protein Research Products; Thermo Fisher Scientific) at 25°C for 60 min. After incubation, lysates were centrifuged at 13,000 rpm for 15 min, and the supernatant (intracellular fraction) was removed. The 4ϫ sample solubilizing buffer was added to the total and intracellular fractions. Avidin beads were then washed three times with RIPA buffer, before incubation in 2ϫ solubilizing buffer at 37°C for 30 min. Samples were then centrifuged for 5 min at 14,000 rpm, and the super-natant (surface fraction) was extracted. Five to 10 g of surface and total lysate fraction were subjected to SDS-PAGE and Western blot analysis. Experiments were excluded from additional analysis if Western blots of the biotinylated fractions were positive for the cytosolic protein ␤-actin. Band intensities were quantified by densitometric analysis using NIH ImageJ software, and comparisons were made between total and biotin labeled fractions.
Biotinylation assay for surface NMDARs from slices. Hippocampal or cortical slices were prepared from postnatal day 21 (P21) to P28 mice of either sex. After washing twice in ice-cold ACSF, slices were incubated in 1 mg/ml NHS-SS-biotin (Pierce) for 30 min at 4°C to biotinylate surface proteins as described previously (Huang et al., 2009) . After removing nonspecifically bound NHS-SS-biotin, the tissue was homogenized and sonicated in PBS-based lysis buffer containing proteinase and phosphatase inhibitors (in mM: 1 EDTA, 1 EGTA, and 1% Triton X-100, 0.1% SDS, pH 7.4), followed by end-to-end rotating for 30 min at 4°C. After centrifugation at 13,000 rpm for 30 min at 4°C, the supernatant was incubated with Neutravidin beads (Thermo Fisher Scientific) to capture biotinylated surface proteins. After washing three times with lysis buffer, the surface proteins were eluted with protein sample buffer containing DTT and subjected to Western blotting. Membranes were probed with polyclonal anti-NR2A (1:1000; Millipore), with monoclonal anti-NR2B (1:2000; Millipore), monoclonal anti-NR1 (1:2000; 54.1; a generous gift from J. Morrison, Mount Sinai School of Medicine, New York, NY), and with anti-␤-actin (1:5000; Sigma-Aldrich). Samples with actin labeling in the surface fraction were excluded from additional analysis. Membranes were stripped with Restore reagent (Thermo Fisher Scientific) to reprobe the membranes with a different antibody. Band intensities were quantified by densitometric analysis using NIH ImageJ software.
Synaptosome preparation. This protocol was adapted from previous work (Blackstone et al., 1992; Lau et al., 1996) . Briefly, whole brains from male and female P30 wild type (WT), EphB double knock-out (DKO), and triple knock-out (TKO) mice were homogenized in HEPES-buffered sucrose [0.32 M sucrose, 4 mM HEPES, pH 7.4, and protease inhibitor mixture (Sigma-Aldrich)]. The nuclear fraction was removed from the homogenate by centrifugation at 1000 ϫ g for 15 min. The resulting supernatant (S1) was then centrifuged at 10,000 ϫ g for 15 min to yield the crude membrane fraction (P1). The P1 pellet was resuspended in 10 vol of HEPES-buffered sucrose and spun again at 10,000 ϫ g for 15 min to yield washed crude synaptosomal fraction (P2). The P2 fraction was layered onto 4 ml of 1.2 M sucrose containing protease inhibitors (Sigma-Aldrich) and centrifuged at 230,000 ϫ g for 15 min. The interface was collected and diluted into final volume of 6 ml with HEPES-buffered 0.32 M sucrose and layered onto 0.8 M sucrose containing protease inhibitors. The sample was centrifuged at 230,000 ϫ g for 15 min to obtain a pure synaptosomal (Syn) pellet. The intensities of glutamate receptors from each fraction were determined by densitometric analysis using ImageJ software. The raw intensities were then normalized to actin intensities in each fraction. The relative levels of synaptic versus membrane-associated glutamate receptors were calculated by taking a ratio of normalized synaptic fraction values (Syn) to normalized crude membrane fraction values (P1). Statistical significance was assessed by ANOVA. Figure 1 . EphB2 regulates localization of NMDAR receptors to synapses in mature cortical neurons. A-C, Confocal microscopy maximum projection images of cultured cortical neurons at 21 DIV expressing eGFP and shRNA vector (control), EphB2.1 shRNA, or EphB2.1 shRNA plus "rescue" EphB2 (functional EphB2 OE), immunostained for GFP (green), NR1 (red), and the presynaptic marker vGlut (blue). The magnified sections (top) of high-contrast image with arrows show spine (yellow arrows) and shaft (white arrows) synapses, defined as the locations where NR1, GFP, and vGlut immunostaining colocalize. The bottom panels show same region with anti-NR1 staining in red. D-F, Cumulative probability histograms of synaptic NR1, NR1 at spine synapses, and NR1 at shaft synapses. Functional EphB2 OE using a rescue construct in the context of endogenous EphB2 knockdown caused a significant increase in the amount of NR1 colocalizing with vGlut, whereas knockdown of EphB2 resulted in a decrease (Kolmogorov-Smirnov test, p Ͻ 0.001). Amount of NR1 for each condition is normalized to the maximum intensity observed from all three conditions. Control, n ϭ 27 cells, 432 synapses; EphB2.1 shRNA, n ϭ 27, 359; functional EphB2 OE, n ϭ 21, 319.
Results
Early in development, the EphB receptor couples filopodia motility to synaptogenesis (Kayser et al., 2008) . As neurons and synapses mature, EphB is no longer required to maintain normal numbers of established synapses (Kayser et al., 2008) . However, EphB2 is still highly expressed in the adult nervous system (Bouvier et al., 2008) , suggesting that it likely has an active role in mature neurons. We examined the impact of EphB2 on NMDAR surface and synaptic localization in the mature nervous system. We used an shRNA that targets EphB2 and has been extensively characterized previously in the following ways: (1) it has no detectable effects on neurons from EphB1-3 triple knock-out mice; (2) it causes selective inhibition of EphB2-dependent synapse formation; (3) it knocks down EphB2 expression with high efficacy in neurons and non-neuronal cells; and (4) the effects of expressing it can be reversed with expression of EphB2 constructs rendered insensitive to the shRNA by the introduction of silent mutations (Kayser et al., 2006 (Kayser et al., , 2008 . Previous work using this shRNA has shown that knockdown of EphB2 in cortical neurons at either 3 or 10 DIV leads to a robust decrease in synapse number at 21 DIV, whereas later knockdown of EphB2 from 14 -21 or 14 -24 DIV has no effect on synapse number (Kayser et al., 2008) . Importantly, knockdown at each of these times leads to similar decreases in EphB2 expression.
To selectively determine how changes in EphB2 expression later in neuronal development affect NMDAR localization in mature neurons, we first used immunohistochemical methods in cultured cortical neurons. Neurons were transfected with enhanced green fluorescent protein (eGFP) and shRNA vector (control), EphB2.1 shRNA, or EphB2.1 shRNA with rescue at 14 DIV. We rescued EphB2 knockdown with a shRNA-insensitive EphB2 construct-an approach that generates functional overexpression (McClelland et al., 2009 (McClelland et al., , 2010 . We used this approach to control the amount of EphB2 expressed in neurons. At 21 DIV, neurons were processed to determine the amount of NR1 labeling at synapses. In these experiments, we focused on NR1 immunolabeling because (1) this subunit is present in all NMDARs (Cull-Candy and Leszkiewicz, 2004) , (2) EphB directly binds NR1 through an interaction involving extracellular domains (Dalva et al., 2000) , and (3) the anti-NR1 antibody most reliably colocalizes with other presynaptic and postsynaptic marker proteins (data not shown). Synapses were defined as locations where NR1 puncta (red) colocalized with GFPpositive dendrites (green) within Ͻ1 m of anti-vGlut1-positive puncta (blue) (Fig. 1 A-C) . We determined the size and intensity of NMDAR staining at each synapse. Although there were no effects on the size of the NMDAR puncta, functional overexpression and knockdown of EphB2 did alter the amount of NMDAR localized at synapses as measured by the normalized intensity of synaptic puncta. We plotted the cumulative probability distribution of the amount of NMDAR staining at synaptic sites and found that knockdown of endogenous EphB2 caused a decrease in the amount of NR1 at synapses, whereas functional overexpression of EphB2 in the context of EphB2 knockdown resulted in a marked increase in synaptic NR1 (Fig. 1 D) 
More specifically, EphB2 knockdown caused a preferential reduction in the number of synapses with large amounts of NR1. Conversely, functional overexpression of EphB2 resulted in a preferential increase in the number of synapses with smaller amounts of NR1. We next determined whether there were any differences between the effects of EphB2 manipulation on shaft and spine synapses. Analysis revealed that EphB2 knockdown or overexpression resulted in similar changes in the amount of NMDAR content at both shaft and spine synapses ( Fig. 1 E, F ) (K-S test, p Ͻ 0.001). Consistent with the role of EphB2 in control of dendritic spine shape in mature neurons, changes in the amount of NR1 at spine synapses were larger after EphB2 overexpression than the changes seen at shaft synapses. Together, these results suggest a role for EphB2 in directing or maintaining NMDARs at mature synapses. To examine the functional significance of these immunohistochemical findings, we next measured spontaneous miniature EPSC (mEPSC) frequency in cultured cortical neurons at 21 DIV after endogenous EphB2 knockdown with or without expression of our EphB2 rescue construct at 14 DIV. As expected from previous work (Kayser et al., 2008) , knockdown or functional overexpression of EphB2 at 14 -21 DIV resulted in no change in mEPSC frequency (Fig. 2 A, C) , confirming that EphBs are not likely to be important for the maintenance of overall excitatory synapse number in mature neurons. To determine whether modulation of EphB2 expression levels impacts synaptic receptor content, we studied mEPSC amplitude. To isolate glutamatergic mEPSCs, whole-cell patch-clamp recordings were conducted in Mg 2ϩ -free solutions to increase NMDAR-mediated currents in the presence of tetrodotoxin and blockers of GABAergic channels (see Materials and Methods). Although neither knockdown nor functional overexpression of EphB2 changed excitatory synapse number, functional overexpression of EphB2 did result in a significant increase in mEPSC amplitude (Fig. 2B ,D,E) (control, Ϫ15.45 Ϯ 0.14 pA; EphB2, Ϫ22.79 Ϯ 0.37; K-S test, p Ͻ 0.001). Similar changes in mEPSC amplitude were found in an independent series of experiments in which we overexpressed wild-type EphB2 without knockdown, in the presence of the endogenous protein (Fig. 3) . The small size of the NMDAR-dependent component of mEPSCs in cultured neurons (2-3 pA) prevents reliable isolation of this current alone. Therefore, to examine whether EphB-dependent changes in mEPSC amplitude are attributable to increased recruitment of NMDARs to synapses, we recorded from neurons in the presence or absence of the NMDAR antagonist APV (50 -100 M), applied via the bath perfusate. We found that NMDAR blockade significantly reduced mEPSC amplitude in all conditions (control, EphB2.1 shRNA, or functional EphB2 overexpression). To estimate the average NMDAR component of the mEPSC, we measured the difference between mean mEPSC amplitude before and after APV blockade. The estimated NMDAR component was ϳ60% larger than control when EphB2 was functionally overexpressed [control, 3.13 pA; EphB2 overexpression (OE), 4.98 pA] (Fig. 2B,D) , indicating that the level of EphB2 expression might determine the amount of NMDARs at synapses. These findings were confirmed by cumulative probability histograms of mEPSC amplitude demonstrating that functional overexpression of EphB2 results in an increase in the NMDAR-dependent component of mEPSCs (Fig. 2E) . Functional overexpression of EphB2 also appeared to increase the AMPAR-dependent component of mEPSCs, assessed by measuring mEPSCs in the presence of APV for all three conditions. These findings are consistent with previous work showing that EphB2 can regulate AMPAR retention in the recycling pool through its PDZ binding domain (Kayser et al., 2006) . Although there appears to be a change in the AMPAR component, we focused on the role of EphB2 in the regulation of the NMDAR in this study because of the importance of this interaction in human disease (Cissé et al., 2011) . Figure 1 . These findings indicate that the slow NMDAR component of mEPSCs is reduced by EphB2 knockdown (EphB2.1 shRNA) and increased when EphB2 is functionally overexpressed (EphB2.1 shRNA plus "rescue" EphB2). F, Whole-cell patch-clamp recordings were made from 21-23 DIV cultured rat cortical neurons expressing eGFP and vector (control; blue), EphB2.1 shRNA (red), or EphB2 (EphB2 OE; green). Normalized amplitude plot of the mean mEPSCs recorded at ϩ50 mV in control, EphB2 shRNA, and EphB2 OE neurons. G, Quantification of NMDAR component of the mEPSCs recorded at ϩ50 mV in the presence of Mg 2ϩ (control, n ϭ 368 events/6 cells; EphB2 shRNAi, n ϭ 744/11; EphB2 OE, n ϭ 1247/9). *p Ͻ 0.05, **p Ͻ 0.001, ANOVA. Error bars indicate SEM.
NMDARs contribute significantly to the decay component of synaptic currents, and thus measuring changes in these currents provides a sensitive measure for the presence of these channels at synapses. We found that, compared with controls, the average decay time (from peak to 30% amplitude) in neurons where EphB2 was functionally overexpressed was significantly longer, whereas knockdown of EphB2 resulted in a significant shortening of the average decay time. After blocking NMDARs with the antagonist APV, significantly shorter decay times were seen for all conditions (Fig. 3C) (control, 5.88 Ϯ 0.06 ms; control plus APV, 4.66 Ϯ 0.05; EphB2.1 shRNA, 5.60 Ϯ 0.06; EphB2.1 plus APV, 4.96 Ϯ 0.06; functional EphB2 OE, 7.32 Ϯ 0.10; functional EphB2 OE plus APV, 6.17 Ϯ 0.08; ANOVA, p Ͻ 0.001). To further examine these data, we plotted cumulative probability distributions of the decay times for mEPSCs in control, knockdown, and functional overexpression conditions that represent all the measured decay times in our data set (Fig. 3 D, E) . We found that before blocking NMDARs with the antagonist APV, control and EphB2-overexpressing cells exhibit a larger proportion of mEPSCs with longer decay times, whereas EphB2 knockdown substantially reduces the fraction of events with longer decay times ( Fig. 3C-E) . Specifically, in neurons expressing EphB2 shRNA, ϳ5% of events have decay times of Ͼ10 ms; in control neurons, ϳ10% fall into this group; in neurons overexpressing EphB2, ϳ15% of events have decay times of Ͼ10 ms (Fig. 3 D, E) . The difference between decay times in the control and EphB2 knockdown conditions were mostly eliminated by pharmacologic NMDAR blockade. Interestingly, the decay times of mEPSCs recorded from neurons functionally overexpressing EphB2 were longer than those of events in control or EphB2 knockdown neurons even in the presence of NMDAR blockade. These effects are most consistent with a change in AMPAR subunit composition at synapses, although additional work will be needed to determine whether this is the case. Regardless, our findings indicate that EphB2 expression levels might bidirectionally modulate the synaptic localization of NMDARs.
To further examine the role of EphB2 in the control of NMDAR trafficking, we recorded from neurons held at ϩ50 mV to remove Mg 2ϩ voltage-dependent blockade of the NMDAR. In these experiments, we overexpressed EphB2 alone, without expression of shRNAs targeting EphB2. Consistent with our findings from functional overexpression of EphB2 in the presence of EphB2 shRNA (Fig. 2) , overexpression of EphB2 without knockdown resulted in a significant increase in mEPSC amplitude, whereas knockdown resulted in a reduction in mEPSC amplitude (control, 12.35 Ϯ 0.23 pA, n ϭ 957 events/9 neurons; EphB2 shRNA, 11.53 Ϯ 0.19 pA, n ϭ 1189/11; EphB2 OE, 15.44 Ϯ 0.29 pA, n ϭ 795/5; ANOVA, p Ͻ 0.01). To isolate the NMDAR component, neurons were held at ϩ50 mV in the presence of TTX (1 M), bicuculline (50 M), and picrotoxin (10 M). Using established methods (Myme et al., 2003) , we examined the NMDAR component of mEPSCs by taking the average current 10 -15 ms after the initial rise phase of each mEPSC (a time when the AMPAR-dependent current has already decayed). We found that knockdown of EphB2 resulted in a significant decrease in the NMDAR-dependent component of the mEPSCs, whereas overexpression of EphB2 resulted in a significant increase (Fig. 3 F, G) (control, 2.09 Ϯ 0.13 pA, n ϭ 368 events/6 cells; EphB2 shRNAi, 1.74 Ϯ 0.11 pA, n ϭ 744/11; OE, 2.83 Ϯ 0.08 pA, n ϭ 1247/9; ANOVA, p Ͻ 0.01). To test whether the effects of EphB2 overexpression might be linked to the recruitment of a specific NMDAR subunit, we treated neurons with an NR2B-selective NMDA receptor antagonist, Ro25-6981 (1-2 M), and measured the percentage change in mEPSC amplitude. The NMDAR-dependent component of mEPSCs was reduced significantly (ϳ25%) by the selective antagonist in neurons transfected with EphB2 compared with control transfected neurons (control, n ϭ 5 cells; EphB2 OE, n ϭ 5 cells; ANOVA, p Ͻ 0.03) (data not shown), suggesting that EphB2 overexpression increases the amount of NR2B-containing NMDARs found at synapses. We also conducted analysis of the decay times of mEPSCs recorded at ϩ50 mV. Consistent with the effects observed at Ϫ65 mV, we found that EphB2 knockdown reduces the decay time, whereas overexpression of EphB2 causes a marked increase in the decay time of mEPSCs (control, 6.36 Ϯ 0.19; EphB2.1 shRNA, 5.52 Ϯ 0.14; EphB2 OE, 7.35 Ϯ 0.16; ANOVA, p Ͻ 0.001) (data not shown). Together, our experiments demonstrate that, in mature neurons, EphB2 expression levels regulate the localization of NMDARs at synapses and their contribution to synaptic currents.
We investigated whether EphB signaling might modulate NMDAR function and localization in a subunit-specific manner.
Activation of endogenous EphB receptors with soluble ephrin-B ligand results in an interaction between EphBs and NMDARs, followed by phosphorylation of the NR2B subunit and increased NMDAR-dependent Ca 2ϩ influx (Takasu et al., 2002) . The mechanism through which this increased calcium influx occurs is unknown. To both test whether this functional modification is subunit specific and determine the underlying mechanism, we coexpressed EphB2 with NR1-1a and either NR2A or NR2B subunits in HEK-293 cells (Zukin and Bennett, 1995) . We examined whether the EphB-NMDAR interaction specifically alters NMDAR channel function by recording NMDA-evoked currents from transfected HEK-293 cells using the wholecell patch-clamp method described in detail previously (Zheng et al., 1997; Skeberdis et al., 2006) . Briefly, in control cells held at Ϫ60 mV, application of NMDA (300 M) with glycine (10 M) for 5 s by laminar flow elicited an inward current that rapidly declined to a steady-state value (Zorumski et al., 1989; Legendre et al., 1993; Tong et al., 1995; Zheng et al., 1997; Skeberdis et al., 2006) . Measurements were made from the average of two to three trials per cell. In cells transfected with EphB2, NR1-1a, and NR2B, the peak amplitude was not significantly altered but the desensitization/inactivation in the NMDA response was greatly reduced (Fig. 4A) . These effects required EphB kinase activity, as NMDAR currents in HEK-293 cells cotransfected with a kinase-dead form of EphB2 were normal. The absence of an effect with the kinasedead mutant is not simply attributable to a disrupted interaction between EphB and NMDARs, as previous work has shown this mutant and the NMDAR still interact through their extracellular domains (Dalva et al., 2000) . In cells transfected with EphB2, NR1-1a, and NR2A, we found no significant difference in NMDA-evoked currents compared with control cells transfected with only NR1 and NR2A (Fig. 4B) . These results suggest that EphB2 preferentially modulates desensitization/inactivation of NMDARs containing NR2B subunits, and that the enhanced Ca 2ϩ influx through NMDARs occurs by altering the kinetics of the channel in a kinase-dependent manner.
Activation of EphBs results in phosphorylation of the NR2B subunit at Y1472 (Takasu et al., 2002) , which in turn controls the internalization and localization of NR2B-containing NMDARs (Lavezzari et al., 2003; Prybylowski et al., 2005; Chen and Roche, 2007) . Given the subunit-specific modulation of Ca 2ϩ desensitization/ inactivation in NR2B-containing NMDARs by EphB2, we examined whether EphB2 activation might preferentially control Ϫ/Ϫ , 3 Ϫ/Ϫ DKO, and TKO mice. B-D, Quantification of NR2A surface, total, and surface/total expression. E-G, Quantification of NR2B surface, total, and surface/total expression. Values were normalized to DKO (n ϭ 6, 9, and 7 animals for WT, DKO, and TKO, respectively). *p Ͻ 0.05, **p Ͻ 0.01. Error bars indicate SEM. NR2B surface localization. We studied NMDAR subunit trafficking/localization with surface biotinylation experiments in cultured cortical neurons after treatment with control or activated ephrin-B2 at different times during development. Biotinylated surface proteins were pulled down and the fraction of the total protein labeled with biotin determined by Western blot analysis. Only samples lacking detectable actin in the biotinylated fraction were included for additional analysis. We conducted these experiments at 7, 14, and 21 DIV-times when cultured cortical neurons have just entered a period of rapid EphB-dependent synapse addition (7 DIV), just ended the period of rapid synapse addition (14 DIV), or when synapses have matured (21 DIV) (Kayser et al., 2008) . At each time point, NR2B was found on the cell surface under control conditions (Fig. 5) . We then asked whether 45 min to 1 h of ephrin-B2 treatment might alter the surface localization of the NMDAR. We compared the fraction of total NR2B with biotin before and after ephrin-B2 treatment. At 7 DIV, ephrin-B2 treatment failed to induce a significant increase in the surface localization of NR2B. In contrast, at 14 and 21 DIV, when EphB is no longer required for synapse addition or to maintain normal numbers of functional synapses, ephrin-B2 treatment induced a significant increase in NR2B surface expression (Fig. 5) . These results show that activation of EphB2 increases NR2B on the cell surface of neurons and confirm that EphB2 undergoes an agedependent change in the control of NR2B trafficking.
To determine whether EphB also controls the localization of specific NMDAR subunits in organized neural tissue, we examined the surface expression of the NMDAR in acute brain slices from TKO mice lacking EphB1-3. We chose to examine TKO animals because the presence of any EphB family members often masks the effects of genetic loss of one or two EphBs (Henkemeyer et al., 2003; Kayser et al., 2006) . Indeed, throughout our experiments, we failed to detect effects on NMDAR localization in DKO mice lacking EphB1 and 3, which maintain normal EphB2 function (Figs. 6 -9 ). To investigate if the trafficking and localization of NMDARs is disrupted after the loss of EphB expression, we made hippocampal or cortical brain slices from wild-type, DKO, or TKO mice. The brain slices were then incubated live with Sulfo-NHS-SS-biotin (Pierce Protein Research Products; Thermo Fisher Scientific) on ice, and tissue was processed to determine the surface fraction of the NMDAR using methods similar to those for the cultured cortical neurons.
Cortical and hippocampal brain slices were collected and labeled in parallel. Surprisingly, surface and total expression of the NR2B subunit of the NMDAR was increased significantly in TKO mice compared with controls ( Fig. 6 A, E-G) . NR2A and NR1 expression were unchanged in cortex in the absence of EphBs, although the variability in this data set was large for NR1 (Figs.  6 A-D, 8) . These findings were not mirrored in hippocampus, where total NR2A levels were reduced and surface NR2B increased in TKO compared with WT (Fig. 7) ; surface levels of NR1 were also significantly reduced in hippocampus of TKO mice (Fig. 8) . These effects suggest that the role of EphBs may differ between different brain regions and that the interaction between EphBs and NMDARs is more complex than simple recruitment or retention of NMDARs on the cell surface, in which case we would expect NR2B surface localization to be decreased in the absence of EphBs.
One possible explanation for the paradoxical increase in NR2B total and surface expression in the absence EphBs is that homeostatic mechanisms lead to upregulated expression and surface delivery because of a specific deficiency of NR2B at synapses. EphBs are localized to the postsynaptic complex at mature synapses, and we have shown that increased expression or activation of EphB2 increases the amount of NR2B on the cell surface and NMDARs at the synapse in vitro (Figs. 1-3 ). Thus, we tested whether EphBs might help to direct NMDARs to synaptic sites in vivo. Using fractionation experiments, we compared the normalized amount of NMDAR found in the crude membrane fraction (P1) and at synaptosomes (Syn) from EphB DKO, TKO, and control WT mice by quantifying the amount of specific proteins by Western blot. The P1 fraction is enriched for all membranes, whereas the synaptosomal fraction is enriched for synaptic components. As expected, synaptic proteins such as NR1, GluR1, PSD-95, and EphB2 were enriched in the Syn versus the P1 fraction from WT mice (Fig. 9A) . We then asked whether loss of the EphB proteins would disrupt the synaptic localization of the NMDAR. In the DKO mice lacking EphB1 and 3, NR2B expres- Figure 7 . NR2B surface expression is increased and total NR2A levels are decreased in the hippocampus of TKO mice. A, Left, Representative Western blots depicting NR2A and NR2B surface expression in WT, EphB DKO, and EphB TKO mice. Right, Western blots showing total expression of NR2A and NR2B in WT, EphB DKO, and EphB TKO mice. Actin was used as a loading control in total protein fraction and as a control for surface staining in surface fraction. B, Quantification of NR2A and NR2B surface, total, and surface/total expression. Values are normalized to DKO (n ϭ 6, 9, and 7 animals for WT, DKO, and TKO, respectively). *p Ͻ 0.05, **p Ͻ 0.01, ANOVA. Error bars indicate SEM.
sion and synaptic localization did not differ from wild-type animals, and we did not detect changes in the other synaptic proteins examined. However, TKO brains showed a significant decrease in the fraction of NR2B subunits at synapses (Fig. 9 A, D) . Interestingly, there was also reduced localization of NR2A subunits at synapses in TKO brains (Fig. 9 A, C) . Consistent with the direct nature of the EphB-NMDAR interaction, the loss of EphBs did not alter the localization of other synaptic components such as PSD-95 and GluR2 (Fig. 9 A, E) . Together with the biotinylation experiments, these findings suggest that EphBs direct the NR2B subunit to synaptic sites, and in the absence of EphBs, neurons unsuccessfully attempt to compensate, resulting in increased overall expression and nonsynaptic surface expression of the NR2B subunit.
Discussion
Multiple mechanisms contribute to the tightly regulated yet dynamic control of NMDAR trafficking. Here, we provide evidence that the EphB2 receptor tyrosine kinase is also an important regulator of synaptic NMDAR localization, but preferentially at mature contacts. Our results indicate that expression levels of EphB2 in mature cells can determine NMDAR content at synapses without impacting synapse number. We also find that EphB2 kinase activity specifically reduces the temporal decline of the NR2B subunitmediated currents, resulting in prolonged currents and increased Ca 2ϩ influx. In the absence of EphBs, total NR2B abundance and surface NR2B expression is increased, whereas synaptic expression is decreased, indicating mistargeting of this subunit without EphB signaling. These findings extend previous work demonstrating that EphB2 binds, clusters, and increases Ca 2ϩ flux through NMDARs in young neurons (Dalva et al., 2000; Takasu et al., 2002) , and suggest that the EphB-NMDAR interaction is significant throughout multiple phases of development and particularly in the mature brain.
We find an age-dependent change in how EphBs modulate NMDAR activity. Early in development, EphBs are essential for the formation of normal numbers of excitatory synaptic connections made on dendritic spines (Kayser et al., 2008) . During this time period, activation of EphB does not appear to increase recruitment of NR2B subunits to the cell surface. As neurons mature, EphBs are no longer required to maintain normal numbers of functional excitatory synapses but function to control the number of NMDARs localized to synaptic sites. These results begin to answer the question posed by in vitro work indicating distinct mechanisms of NMDAR recruitment at differing neuronal ages (Washbourne et al., 2002; Bresler et al., 2004) . Moreover, our data indicate that EphB specifically regulates trafficking of NR2B subunits in mature neurons, although our results do not exclude the possibility that EphBs play some role in NR1 and NR2A localization as well. Localization of the NR2B subunit of the NMDAR is of particular interest, as the proportion of NR2B-containing receptors can affect NMDAR channel open time and Ca 2ϩ flux. Recent work has shown that phosphorylation of NR2B by casein kinase 2 (CK2) at a distinct site from EphB-dependent phosphorylation leads to NR2B endocytosis and increased NR2A expression (Sanz-Clemente et al., 2010). The interplay between . EphB TKO brains exhibit reduced synaptic expression of NR2A and NR2B. A, Lysates from brains of WT, EphB DKO, and EphB TKO animals were fractionated to isolate supernatant (S1), crude membrane (P1), and pure synaptosome (Syn) fractions. Western blots were probed with indicated antibodies and show enrichment of glutamate receptor subunits in the synaptosome fraction of all animals. PSD-95 and EphB2 are enriched in the same fraction. B-E, Syn/P1 ratio was used to compare synaptic versus nonsynaptic expression of NMDA and GluR2 glutamate receptors subunits. Compared with the WT and EphB DKO brains, EphB TKO animals exhibit reduced synaptic expression of NR2A (C) and NR2B (D) subunits of the NMDAR. There is no change in synaptic expression the GluR2 subunit (E) of AMPA receptors between different genotypes. ANOVA, *p Ͻ 0.005; n ϭ 3 animals for each condition. Error bars indicate SEM.
CK2 and EphB2 activity on NR2B, leading to endocytosis or retention, respectively, would be a sensitive mechanism for determining NR2B content at synapses. Functional consequences of increased NR2B content at synapses in certain areas of brain are known to include improved performance on memory tasks and enhanced visuocortical plasticity (Tang et al., 1999; Philpot et al., 2007) . During normal development, the ratio of NR2A/NR2B at synapses increases over time (Sheng et al., 1994) , raising the threshold for long-lasting changes in synaptic strength in response to external stimuli (Philpot et al., 2007) . Given that EphBs serve to drive NR2B into synapses only later in development, one interpretation of our data is that EphBs define mature synapses with a relatively low NR2A/NR2B ratio. These inputs would remain more plastic in the adult brain, with a lower threshold for long-term potentiation (LTP). Consistent with this role for EphBs in maintaining or generating plastic synapses, EphB2 knock-out mice have reduced LTP, long-term depression (LTD), and quality of performance in the Morris water maze (Grunwald et al., 2001; Henderson et al., 2001) . Although one feature of mature neurons by virtue of a higher NR2A/NR2B ratio is an increased selectivity for specific stimuli, it is clear that, even in the adult CNS, some inputs remain remarkably malleable (Holtmaat and Svoboda, 2009) . Future work will need to specifically examine whether and how EphBs contribute to this sustained plasticity.
Two likely mechanisms mediating EphB-dependent control of synaptic localization of NMDARs are the direct EphB-NMDAR interaction and EphB-dependent phosphorylation of NR2B. We showed previously that ephrin-B activation of EphB2 results in the direct interaction of the NMDAR with EphB2 and the phosphorylation of three tyrosine residues on the NMDAR (Dalva et al., 2000; Takasu et al., 2002) . One of the phosphorylated residues, Y1472, has since been shown to be important for the synaptic localization and retention of NMDARs, acting to prevent binding of AP-2 that in turn targets proteins for internalization by clathrin-mediated endocytosis (Lavezzari et al., 2003; Chen and Roche, 2007) . Notably, there is a significant reduction in the level of NR2B phosphorylated at Y1472 found at synapses in EphB TKO brains compared with controls (data not shown). Although the magnitude of this change is matched by the decrease in total NR2B at synapses in TKOs, these data are consistent with a model in which EphB2 regulates retention of the NMDAR at synapses by phosphorylating the NR2B subunit at Y1472. In the absence of EphBs, more NR2B is endocytosed, triggering the homeostatic drive of neurons to deliver more NR2B to synapses. This drive appears to fail in the absence of EphBs, as NR2B total and surface expression increase without effective synaptic delivery. Thus, the EphB-NMDAR interaction likely has a role in synaptic targeting of NMDARs in addition to retention. The loss of EphBs also results in decreased NR2A at synapses. This effect could be attributable to the direct interaction between EphB2 and the NMDAR or to the previously described phosphorylation of the NR2A subunit. Importantly, we cannot rule out a role for the direct EphB-NMDAR interaction in the synaptic localization of the NMDAR. In fact, the EphB-NMDAR interaction is likely to be central to the ability of EphB2 to specifically phosphorylate NR2 subunits, making it difficult to distinguish effects of the physical interaction and kinase activation.
Although EphBs are important for the proper localization of NMDARs to synapses, they are not essential for all NMDARs to localize properly, nor for all facets of NR2B trafficking. These conclusions are consistent with the observation that EphBs direct formation of a subset of excitatory synapses (Kayser et al., 2006) and our new findings that EphBs control a substantial fraction (ϳ50%) of NMDAR localization to mature contacts. Although additional research is needed to characterize the significance of this subpopulation, loss of EphB2 causes abnormal LTP and LTD in mouse hippocampus (Grunwald et al., 2001; Henderson et al., 2001) , suggesting a functionally important role. Other proteins are undoubtedly required in these events as well, however, and synaptic transmission still occurs. For example, neuroligins (NLGs) cluster NMDARs and signal to regulate excitatory synapse maturation (Graf et al., 2004; Chih et al., 2005) ; more recent work suggests that loss of NLG1 results in reduced NMDAR expression and NMDAR-mediated synaptic transmission in hippocampus (Chubykin et al., 2007) . These findings are similar to those for EphBs and suggest that both EphBs and NLGs, and very likely others, impact NMDAR localization at synaptic sites.
In addition to the effects that we observe on NMDAR localization and function, our analysis of mEPSCs reveals a change in the AMPAR-dependent component of synaptic currents (Figs. 2,  3 ). This finding is consistent with previous work showing that EphB2 activation can increase the surface localization of the AMPAR via PDZ domain-dependent interactions (Irie et al., 2005; Kayser et al., 2006) . However, our biotinylation and fractionation experiments in EphB TKO mice failed to detect changes in the localization of the GluR2 subunit of the AMPAR compared with controls. Thus, it appears possible that, although EphB2 overexpression results in increased AMPAR-dependent currents at synapses, mice lacking EphBs fail to show changes in the synaptic localization of GluR2. EphBs are therefore unlikely to regulate AMPAR function by simply controlling the overall amount of AMPARs at synapses. EphB2 associates with AMPARinteracting proteins PICK1 and GRIP (Torres et al., 1998) , which are important for trafficking of specific AMPAR subunits to synapses (Gardner et al., 2005; Liu and Cull-Candy, 2005) . As with NMDARs, different AMPAR subunit combinations confer distinct channel properties (Greger and Esteban, 2007; Isaac et al., 2007) . Thus, one interesting possibility is that the EphB2-dependent changes in AMPAR current we observe (Figs. 2, 3 ) are attributable to modulation of AMPAR subunit ratios at synapses rather than changes in overall AMPAR content. Additional work will be needed to determine the mechanisms by which EphBs regulate AMPAR synaptic currents.
In addition to their role in the localization of NMDARs, EphBs modulate NMDAR-mediated calcium flux through Src family kinase-dependent phosphorylation of NR2B. This enhanced calcium influx is likely mediated by a reduction in the rate of calcium-dependent inactivation in NMDAR channels that contain the NR2B subunit, although in our current analysis we cannot rule out a role for glycine-independent desensitization. Importantly, the effects of EphB2 appear selective for NR2B, as a similar change in time course is not found in NMDAR channels containing the NR2A subunit. Yet previous work has suggested that ephrin-B activation of EphB may increase tyrosine phosphorylation of not only NR2B subunits but also NR2A subunits (Grunwald et al., 2001; Takasu et al., 2002) . The functional significance of EphB2/NR2A interactions has yet to be extensively examined, but given that EphB2 does bind to NR2A (Dalva et al., 2000) , future investigation into whether EphBs modulate NR2A function will be of interest.
The expression level of EphBs has recently been shown to be downregulated in models of Alzheimer's disease (Simó n et al., 2009) , and phosphorylation of NMDARs is reduced in brains of Alzheimer's disease patients relative to controls (Sze et al., 2001) . One intriguing possibility is that the late function of EphBs in synaptic localization of NMDARs may be relevant to neurode-generative diseases. Consistent with this hypothesis, both ephrin-Bs and EphBs undergo posttranslational modification via ␥-secretase activity (Tomita et al., 2006; Litterst et al., 2007) , and overexpression of EphB2 has recently been shown to rescue cognitive defects in a mouse model of Alzheimer's disease (Cissé et al., 2011) . Additional work will be needed to determine how EphBs and their ligands are linked to Alzheimer's and other diseases, but the recruitment to and modulation of NMDARs at synapses is likely a key part of any potential role.
